In several recent communications from this laboratory (I), (2), (3) evidence was presented to show that, under varying conditions, the duration of the ejection phase is modified by factors other than the duration of preceding diastole. The conclusion naturally followed that the volume curves of the ventricles cannot be superimposable under such conditions of the heart beat. These deductions should, however, be capable of direct demonstration when ventricular volume curves are taken during similar changes in the circulation; and, in addition, the precise character of the alterations in filling and expulsion accompanying such phasic changes should be determinable, provided, of course, that it is possible to record changes in systolic ejection and diastolic filling with a sufficient degree of accuracy.
CARL
J. WIGGERS AND LOUIS N. KATZ Accuracy in recording rapid piethysmographic volume changes such as OCCUT in cardiometers.
The principles according to which efficient volume recorders should be constructed are well understood(cf. Brodie (4), Henderson (5) , Straub (6) ). Fundamental emphasis is laid by investigators on two important requisites: 1, the necessity of avoiding more than minimal variation of pressure within the system, and 2, the maintenance of an adequate inherent vibration frequency.
Two types of apparatus, as Brodie points out, have been utilized: a, true volume recorders in which the internal pressure variations are very slight, and b, tambours in which volume changes are translated into pressure changes and the latter recorded.
Most experimenters seeking to avoid what is usually regarded as a deleterious effect of negative pressure variations about the ventricles, have endeavored to use true volume recorders.
With the possible exception of the soap bubble device suggested by Straub (6) and later (11) found impractical by him, it is not possible to construct recorders which qualify as regards inherent frequenc;y.
We are of the opinion, however, that the development of moderate negative pressure variations about the ventricles during the heart cycle is not detrimental to their normal action; that, on the contrary, it is quite normal and favorable. The heart is naturally enclosed within a plethysmographic cavity-the chest, and every volume change is accompanied by pressure variations about the ventricle.
Since actual measurement (7) has shown that, in addition to the negative pressures exerted on the ventricles during inspiration and expiration, each ventricular systole itself causes an intrathoracic pressure change ranging from 9 to 20 mm. of water, natural conditions are but reduplicated when similar changes occur about the ventricles in a cardiometer. In other words, we distinctly favor the use of an apparatus which translates volume changes into moderate tension changes. If such an apparatus is used we are in a position to improve its vibration frequency. Fortunately the requirements as to frequency are not great. In the dog, at least, cardiac filling and ejection are comparatively slow processes; there are no rapid vibrations such as occur in pressure records. Since the systolic ejection is probably the most rapid phenomenon record.ed and its duration is rarely less than 0.1 second, an instrument with an inherent frequency of 15 per second is probably quite adequate.
In applying these principles we returned, after many trials of . various forms of apparatus, to the segment volume recorder presented in picture form by one of us in 1915 (7) . The volume changes within the cardiometer were communicated by tubing 12 mm. internal diameter and 60 cm. long to a tambour 9 cm. in diameter constructed on the principle of a segment capsule. When this segment recorder was covered by thin rubber dam, smoothly fastened over the surface without stretching, it was found that 30 cc. displacementcausedapressure variation of 31 mm. of water. By attaching to the trapezoidal plate pivoting on its chord side a straw lever 12 cm. in lengthand magnifying 3 times, a graphic record could be inscribed on a smoked surface. In order to inscribe the systolic ejection as a downstroke, the apparatus was inverted.
Except for the distortion incurred by arcs of levers, such records are very reliable as to details.
In order to relate the volume changes to pressure curves which can not be inscribed with accuracy on smoked surfaces, it was necessary for our purpose to record optical volume curves as well. To accomplish this, the slight pressure variations within the large capsule were communicated to a Frank segment capsule, as shown in the illustration referred to above. This apparatus fulfilled all the demands made upon it and was suitable either for graphic records on smoked paper or optical tracings or what proved desirable for our experimental work-both together. Throughout our experiments it was thus possible to record continuous volume curves on a slow drum, to note changes in systolic or diastolic volumes, changes in adjustment, etlc., while optical tracings were taken at intervals electrically marked on this drum.
Dynamic tests showed that the closed system in which a tambour 9 cm. in diameter was used, had an inherent frequency of approximately 20 per second (see fig. 1 , A). This instrument proved suitable for medium sized dogs which were employed by us exclusively.
Tests in which the rapidity of response to large volume changes was determined showed that the deflection time is much less than 0.1 second and that no overshooting or lag occurs (cf. fig. 1 
,D).
Upon testing its ability to react to rapid volume changes, a test suggested by Henderson (5) , it was found that it followed the shadows of a lever attached to the handle of the moving piston even when this was operated at the rate of 380 per minute (cf. fig. 1 , C). We are therefore convinced that this arrangement faithfully reproduces such volume variations as may occur in the cardiometer.
The correspondence of cardiomeiric volume changes to those of the cardiac chambers.
In order to represent the details of ventricular filling and expulsion even approximately, it is important that the volume curves should not be distorted by other factors or that these should at least be discountable in the analyzed records.
We beg to waive any extensive review of the many different opinions already expressed on this subject except as they bear directly on the points under discussion. As Henderson pointed out, changes in extra-ventricular volumes are dependent to some degree on the varying blood volume contained in the coronary vessels.
It is generally agreed, however, that this factor is of minor significance during the acts of ejection and filling.
In addition all workers have recognized that certain extraneous volume changes are a,pt to be set up as the heart changes its position during the cycle. Henderson (5) has directed attention to the possibility that c auricular systole tends to push the heart farther into the cardiometer. Patterson, Piper and Starling (8) believe that it exerts a traction and thus halts the increase in volume just previous to auricular systole. Henderson believes, however, that such auricular changes can be prevented by proper placement.
We agree that this is quite possible. Straub (6) and Gesell (9) believe that the volume changes may be inexact at the onset of systole due to movements of the a-v valves. They point out two effects that may operate,-a bulging of the a-v valves during the isometric phase, which tends to decrease the oncometer volume, and a downward pull of the valves by the papillary muscles which operates to increase it. Records of intra-auricular pressure (figs. 6 and 13) clearly show that the predominant effect is a sharp reduction of pressure indicating that the chief movement of the a-v diaphragm is toward the ventricle. We have from the onset been particularly impressed with the possibility that a position change of the heart at the beginning and end of ejection may affect the reliability of volume curves.
If the cardiac base of a heart freed from its pericardium is observed carefully, it will be seen that, during each systolic kick, the base of the conical ventricles is pushed farther into the cardiometer thereby increasing its volume and that, at the beginning of diastole, it recedes again to its former position, causing a reverse effect.
After two months of daily experimentation in addition to some previous experience, we have concluded that, in many animals, this systolic thrust and diastolic withdrawal cannot be satisfactorily eliminated by any technical procedures and is probably a factor to be reckoned with in the interpretation of volume curves. The magnitude of the accidental volume change varies in different animals, being determined, among other things, by the vigor of the heart and the pressure conditions in the large arteries.
If a heart is beating quietly or if arterial pressures are relatively low, this thrust is not obvious to the eye but still recordable by special magnifying devices. If the heart is vigorous, no recorded proof of its existence is required.
Another accidental volume change occasionally complicates this work. The theory of cardiometry presupposes that it is possible to fit a rubber diaphragm, air-tight and without compression, in the plane of all valvular orifices.
We have found it exceedingly difficult to do this in some animals because the pulmonary valves lie on a lower level than those closing the a-v ostia.
In such cases a portion of the pulmonary artery readily comes to lie within the cardiometer and, in such event, the early systolic volume changes represent the difference between decreased volume of the ventricle and increased volume of the included artery.
Furthermore, the pulmonary conus below the valves sometimes swells during the early phase of diastole apparently because the semilunar valves bulge into the ventricle after closure.
These phenomena may cause an increase in plethysmographic volume even though diastole has begun.
We are therefore of the opinion that, while it is quite possible to record directly and accurately such volume changes as occur within the plethysmograph, these changes may not represent a true picture of intraventricular volume changes, owing largely to the inability to keep a vigorously kicking heart entered into the cardiometer to a constant depth.
As long as the movement of the cardiac base into and out of the cardiometer can not be controlled further improvement in recording appliance will accomplish nothing, nor can tachygrams such as have recently been recorded and integrated by Straub (10) be considered more accurate than good volume records.
The only question at issue and meriting further analysis is whether the accidental distortions thus produced can be detected on the volume curves and discounted with sufficient accuracy to permit of their use in studies of contour changes. Thenature of optically recorded volume curves.2 By recording ventricular volume curves synchronously with pressure changes in the cardiac chambers and large vessels and at times also with records of the movements of that portion of the cardiac base to which the rubber diaphragm The first is incidental, the latter necessary.
In analyzing the different " contour types " of volume curves contained in our collection and also in the published records of other investigators, it is important t.0 recognize differences that are apparent an .d not real Usually optical records are taken on a more rapidly moving paper than drum tracings, thereby increasing the abscissa1 distances without increasing the ordinate values correspondingly.
This gives the smaller records the appearance of having a rapid downstroke with a prolonged' flat bottom while the records of larger amplitude appear distinctly rounded ( fig. 3, A) .
Neither may at a glance resemble drum tracings.
Careful study shows, however, that all records present the same changes in gradient.
It is especially importan .t to recognize these differences in optical tracings for, in changes under abnormal condition, it small normal curves in order to keep th Occasionally these records with small .er order to record large volume is often necessary to start with .e larger amplitu excursions .de give the on the entire paper. curves quite a questionable appearance. This is the case in some of Straub's (11) published tracings ( fig. 7) , duplicates of which we have in our possession.
In these a sharp downstroke appears to change suddenly to a very gradual slope. If such curves are replotted with larger ordinates and the sa,me abscissas, the familiar contours reappear.
There are, however, real differences in contours which are due in part to variations in circulatory conditions and in part to accidemal causes which it is important to analyze.
3 Proper attention was given to parallax in these registrations. Our camera, provided with a deep narrow hood in front of the lens, failed to record any record more than 0.75 mm. out of alignment.
As additional precautions, the relative positions of writing beams were further photographed through amber glass on a stationary drum. It would be needless to add this detail were it not for the fact that some of our interpretations hinge especially on this point.
The intrinsic variations and accidental distortions of the systolic stroke.
In order to check the accuracy of volume changes during systolic ejection, the aortic pressure curves near the semilunar valves must be simultaneously recorded. This is important, not only because it is thus possible to determine the beginning and end of ejection precisely, but also because the contour of the volume curve can really be predicted from changes in the gradients of the pressure curves. If the gradient of the pressure curve changes suddenly during ejection this can only mean that the rate of election has altered. If the volume and pressure curves thus related, agree, direct proof of the accuracy of the volume curve is given; if they do not show such a correspondence their accuracy must be questioned. A: Apparent differences in contour due to records of different amplitude recorded on same rate of drum; 1, curve with heavy rubber membrane; 2, simultaneous curve with delicate membrane; 3, right intra-auricular pressure curves showing that auricular systole comes just at end of inflow phase thereby slightly increasing inflow rate. Observe accentuation of ejection peak, P, in curves of larger amplitude.
B: Serious distortion of curve due to movement of heart into and out of cardiometer. Upper curve, volume record of ventricle with large ejection peak, P, due to movement of heart into cardiometer, and with continued decrease during early diastolic phase due to movement of ventricles out of cardiometer.
S, beginning of systole; D, end of systole. Lower curve, record of cardiometer diaphragm movement. Upstroke, signifies movement of diaphragm inward; downstroke, outward movement.
Note the minimal effect of auricular systole on diaphragm.
C: Minimal distortions of record when in and out movement of heart occurs more gradually.
Upper curve, volume curve of ventricle with very slight peak and very slight movement at end of systole. Lower curve, movement of cardiac base. S, beginning; D, end of ventricular systole. Ventricular volume curve shows gradient changes corresponding to those in aortic pressure curve.
It is obvious that, with the beginning of the rise of aortic pressure, the volumes of the ventricles must decrease.
Precise time relations show, however, that t,his is rarely the case (e.g., fig. 3, C) . More commonly the ventricular volume curves either remain unchanged ( fig. 2? 3rd beat) or increase slightly during the early moments of ejection ( fig. 2, 2nd beat) .
In the latter case, the curves develop a small peak which is also indicated in many published records of other investig'ators.
This slight increase in volume has usually been interpreted as taking place during the isometric period, being frequently held to indicate a pull of the papillary muscles on the a-v valves (cf. e.g., Straub (10)).
We have measured a large number of records carefully and find, contrary to other investigations and our own previous conception, that this notch only rarely precedes but usually comes at onset of ejection.
Our experiments indicate that, this is an accidental phenomenon due to a slight systolic thrust of the heart into the cardiometer.
In the first place, we noted that this peak is brought out or accentuated when the activity of the heart or the arterial resistance increases (cf. figs. 2, 9, 10). Furthermore synchronous records of the basal portion of the heart or cardiomet#er diaphragm showed that this variation is always accompanied by a movement of the heart into the cardiometer.
That, under certain conditions, this movement may begin during the isometric phase is conceivable, but under the conditions of our experiments this movement coincided rather with the onset of ejection as shown in figure 3 , B and C.
It is quite obvious that the volume changes recorded during the isometric phase or during the very beginning of ejection cannot accurately represent actual volume changes in the ventricles.
If the peak is small, however, it interferes little with the int!erpretation of the rest of the record; if it becomes broad and large as in figure 2 , B, care must be exercised not to interpret it (as has occasionally been done) as an effect of auricular systole. A comparison of contours shown by synchronous volume and pressure curves gives direct assurance, however, that the details of the remainder of systolic ejection (e.g., P-Q, fig. 2 ) are accurate.
Curves, such as shown in figures 2, 3 c, 5, 9 and 10 show that the gradient of the ejection curve corresponds exactly to changes in gradient of the pressure curves.
In all cases there is an abrupt decrease in ejection rate at the time that the aortic pressure begins to decline, thus separating systolic ejection into phases of maximum and reduced ejection.
Thus, in figure 2, 2-c represents the phase of maximum ejection and c-3 that Further consideration shows however, that the velocity of ejection is uniform during the phase of maximum ejection only when arterial resistance is low and the aortic pressure curve mounts smoothly to a summit ( fig. 2, 3rd and 4th beats) .
When resistance is at or above the normal level, we find, contrary to Henderson and in accord with Straub, that the velocity of ejection may change a number of times, depending on the resistance developed in the arteries from moment to moment.
Contrary to Straub, we believe it impossible to select any type of variation as normal, there being as many variations of ejection during this phase as there are types of pressure curves. Thus, in the first beats of figure 2, the velocity of ejection is very rapid during the primary elevation of aortic pressure, a-b, and is somewhat reduced as the pressure curve gradually reaches a summit, b-c. In records such as figure 5 there may be several changes in velocity during the maximum eject,ion phase.
Contour changes during the protodiastolic and isometric relaxation phases
The term, protodiastolic phase, has recently been applied by one of us (3) to the interval occupied by the incisura or closure of the semilunar valves; while the relaxation process occurring when all valves are closed, was referred to as the isometric relaxation phase. These phases are shown on all records by lines 3-4 and 4-5 respectively. .
Since blood neither leaves nor enters the ventricles during these stages, the ventricular volumes do not actually change. This is the case in many records (e.g., fig. 2 ). In other instances the only change is a slight increase (e.g., fig. 5 , C, 0) possibly due, as Henderson suggested, to the filling of the coronary vessels.
SometNimes, as in Henderson's records, this increase is much greater and the suspicion then exists that the rebound of blood in the pulmonary conus may contribute somewhat to the distortion.
Of greater importance because it readily leads to misinterpretation of volume curves is a cont,inued decrease in volume during these phases (figs. 3 B, 9). Without the time relations such as given by the aortic pulse or heart sounds, the end of systole is readily interpreted as occurring at 5 rather than at 3. A similar notch evidently wrongly interpreted as part of the systolic ejection process appears in the work of Patterson, Piper and Starling (8) . The cause of this continued decrease during early diastole is clearly due to a return of the cardiac base to its diastolic position ( fig. 3, B) . Indeed it is not improbable that a horizontal curve during these phases ( fig. 2) is not due to the fact that ventricular volumes do not change but! owes it existence rather to a nice counterbalancing of two factors; the move- ments of the heart out of the cardiometer decreasing the cardiometric volumes and the filling of the coronaries and pulmonary conus increasing the volume to an equal degree. Indeed the slope of this portion of the curve may change wit.hin a few consecutive beats when circulatory conditions are altered; e.g., figure 9 , A, where an upward slope from 3-5 changes to a downward slope after aortic compression. Since no cardiac filling takes place during this interval, however, such accidental distortions are of no practical significance, provided time relations are accurately established.
The volume changes during diastolic jilling. The accuracy of diastolic filling curves may be controlled by simultaneous records of left and right auricular pressures. Such controls, as well as records of the oncometer membrane ( fig. 3 , B) show that this portion of the curve is fortunately not distorted by position changes of the heart. The filling changes, as first pointed out by Henderson (5) and reemphasized by one of us (3) recently, depend on the duration of diastole. If, as in figures 6 and 13, A, the heart is rapid, filling has scarcely begun before the next auricular systole supervenes and in such cases ventricular filling may occur entirely during auricular systole, which, it should be recalled, last,s both during the rise and fall of the auricular pressure wave. Consistently the rise of right auricular pressure precedes, by a short interval, that of the left ( fig. 6 ). It is obviously impossible to evaluate the extent to which auricular systole aids ventricular filling in such cases. Such an evaluation may be clearly made however in such records as are shown in figure 13 , B, C and D. Here dia,stole is very much prolonged and two auricular systoles come during one of these diastoles (21 block). In figure 13 , B, e.g., the early diastolic inflow phase coincides with the fall of auricular pressures, 5. This inflow stops short, however, as indicated at 6, where diastasis begins. Precisely at this time the auricular pressure begins to rise slightly and tlhe volume curve becomes more horizontal.
This marks the beginning of diastasis. Another auricular systole then supervenes at x, which adds a fair contribution to the vent,ricular filling. This is followed by a continued diastasis until the next auricular systole occurs. Such curves clearly bear out Henderson's observations as to the existence of a diastlasis phase under normal conditions. As to the volume contributed by auricular systole, this appears to be inconstant, estimates on our curves ranging from 18 to 60 per cent with an average of about 35 per cent. It is apparently dependent, a, on the time that auricular systole comes in diastole; b, on the complet,eness with which the ventricle has alreadv been filled at the time of auricula,r systole, and c, on t)he vigor of :t;ricular systole. The changing volumes cont,ributcd under different conditions will be discussed later. It may be pointed out at once, however, that,, other things being equal, an auricular systole coming during or soon after the early diastolic inflow phase contributes a considerable amount of blood. This agrees also with records of St,raub (lo), (II), and de Heer (12) . Coming at the end of a long diast!asis, it is able to contribute little more as held by Henderson (5) . These records also corroborate an observation of Gesell (9) viz., tlhat to be effective, the A,-& interval must not be too long. Frequently auricular systole apparently injects aI considerable volume during the dynamic phase of auricular systole but if the A,-& int'erval is sufficiently long tlhe curve returns to its previous level indicating a back flow of blood toward the auricle ( fig. 6, A) . In such cases auricular systole cannot, be said t/o aid ventricular filling. If this interval is shorter time for this back flow of blood is lacking and the contribution of auricular systole is permanent (e.g., fig. 6 , El). On t,he whole, however, our records show that even in slower beats the auricle contributes more than Henderson has generallv held.
Such a critical &udy of volume curves shows t/hat while they are subject to distort,ion, due largely to positlion changes of the hearb, it is possible to discount these artefacts because they occur only in those portions of the records which come during the very earlv moments of " ejection and during the early diastolic interval when no actual volume changes are taking place. The systolic and diastolic portions of the records which we consider reliable are indicated in figure 2, by the lines P & and R S, respectively. In order to study the separate effects of changes in venous return, arterial resistance and heart rate in the intact circulation, the procedure recently described by one of us (3) was followed. At appropriate intervals, during which artificial respiration was temporarily discontinued, optical volume and pressure curves were simultaneously recorded. During venous infusion, such tracings were taken with every increase in right auricular pressures of 10 mm. Venous pressures were measured according to the principle suggested by Henderson (5) but the apparatus was adstpbed to use in connection with saline infusion. Arterial resistance changes were induced chiefly by partial or total compression of the aorta just above the diaphragm, although reflex vasoconstriction was also studied. Optical records were taken during the acts of compression and decompression (immediate effects) and at various intervals thereafter (stabilized effects). To avoid heart rate changes, the vagi nerves were divided except when specifically noted. Heart rate changes were induced by cutting and stimulation of the vagi, by asphyxia and small doses of epinephrin, optical records being taken in all cases t,o show immediate and stabilized effects. Experiment C 289 (3 actual size). Numerals above segments indicate right auricular pressure readings in millimeters saline. Downstroke systole. Upper series, effects when heart slows (vagi undivided).
E, Effect of vagus section.
Lower series, effects when no change in heart rate occurs. Letters below segments correspond to similar letters in figures 5 and 7.
on a heart-lung preparation, indicated that both systolic and diastolic volumes of the ventricles increase, and that the systolic discharge becomes larger when the venous inflow is augmented. Straub (11) confirmed these observations except that he noted no alteration in systolic volume.
According to Patterson, Piper and Starling (8) , the systolic portion of the curve changes markedly in contour.
Their curves, which at low venous pressures were divisible into three phases (rapid ejection, retarded outflow and secondary increased ejection), became smooth and CARL J. WIGGERS AND LOUIS N. KATZ steeper as venous pressure increased. Straub, in an earlier paper (ll), noted an increased steepness of the latter part of ejection as the only effect. In curves derived from integration of tachygrams (10) he subsequently found a steeper gradient in all phases of ejection. Both observers found a more rapid diastolic filling, Straub mentioning, however, that in all cases auricular systole contributes about 60 per cent to total ventricular filling.
No changes in the duration of systole were noted by Patterson, Piper and Starling and a slight increase by Straub.
Our results. The typical effects of increasing venous pressure on the volume curves recorded on slowly moving paper are illustrated in figure 4. In the experiment shown in the upper series, the vagi nerves Observe progressive increase in duration of ejection phase (figures above tuning fork), increased steepness of both systolic ejection and diastolic filling curves, changes in left auricular a.nd aortic pressures. Further description in text.
were uncut, consequently the heart slowed and venous pressures mounted rapidly.
In the lower series the vagi nerves had been cut; the cardiac cycle was practically unaffected and venous pressure rose slowly. Such records confirm, in the main, the results obtained by Starling and his collaborators.
They clearly demonstrate that the systolic discharge increases progressively as venous pressures are in- creased step by step to levels far exceeding that set by Henderson and his collaborators (5) as "critical."
The limit of response was not reached until pressures ranging in various animals from 250 to 310 mm. were attained.
Above these levels decompensation and decreased discharge occurred. As the venous pressure increased, the ventricles dilated.
The diastolic volume was affected more than the systolic, accountingfor the increased stroke. These changes occurred regardless of whether aortic diastolic pressure remained unaltered or was somewhat increased.
The diastolic dilatation was more pronounced when the heart coincidently slowed (cf. fig. 4 ). As shown by comparing segments D and E figure 7 . A, B, corresponding points showing elevation of initial pressures in left heart. Note precedence of right auricular over left auricu1a.r wave, also decrease in As-Vs interval after infusion, of the upper series, this slowing contributed not only to the diastolic distention but to the venous pressure. Both were greatly reduced when the slowing effect was abrogated by vagal section. When no change in heart rate occurred (lower series) systolic discharge increased until a pressure of 285 mm. supervened, remained unchanged as it climbed to 300 mm. and was actually reduced when the level of 310 mm. was reached.
The cause of such an increased systolic discharge may be studied in original optical or transcribed curves taken during such experiments, CARL J. WIGGERS AND LOUIS N. KATZ (cf. figs. 5, 6, 7). They show that the increased systolic discharge was accomplished in part through an increase in velocity of ejection, in part, however, by a prolongation of systole. When an increase in the velocity of ejection occurred, it affected not only the earlier phase of maximum ejection %a, but also the gradient of the reduced ejection phase, b-3. This is clearly shown in the original segments of figure 5. These changes in the details of ejection are reflected both in the pulmonary and aortic pressure curves. In both circuits the pulse pressure increased, the gradient of primary rise was steeper and systolic ejection was prolonged, the maximum ejection phase being especially increased. Incidentally, such curves as figure 5 indicate no elevation of diastolic pressure, in fact during the higher infusions it began to decrea.se slightly, thereby demonstrating clearly t,hat it is quite possible in intact animalls to vary venous pressures without affecting heart rate or arteria resistance.
A comparison of curves ( fig. 7) as regards the superimposability of their systolic portions shows that especially in the lower ranges of venous pressures, the systolic strokes do not coincide but become steeper. In the higher ranges (e.g., 160 to 300 mm. in C %B, IX, fig. 7 ) the gradient often remained the same, making the systolic strokes quite coincident. While in such cases, the systolic strokes at the lower pressures are segments of the more extended strokes at higher levels, the changing length of systole is in no sense a function of diastolic length but of the rate of venous filling.
Is the increase in duration of systolic ejection due to a prolongation of the contractile state or to an earlier incidence of systole? We have measured the AS-V, intervals in several original records such as are illustrated in figure 5 and found that, as a rule, this interval was not decreased. Occasionally, however, ( fig. 6 ) it shortened by 0.02 second. Our observations of such changes are not extensive enough, however, to say whether it was more than a chance variation.
With diastole unchanged (C290, fig. 7 ) or even shortened during infusion (C 288, fig. 7 ), it is obvious that the greater discharge must be due to an increased rate of filling. All transcribed as well as original records show that this was the case. At no two venous pressures above 60 mm. were the dia.stolic portions of the volume curves superimposable. The increased rate of diastolic filling took place irrespective of whether or not the dominant heart cycle included a diastasis phase.
A study of the separate filling phases of diastole (viz., early diastolic inflow, 5-G, diastasis, G-7, or auricular systole, 74, shows that each The diastasis flow which was very gradual at venous pressures near 60 mm. became progressively steeper as venous pressures mounted, and a casual inspection of drum records gives the impression that the rapid inflow continued uninterruptedly throughout diastole.
Careful inspection of optical tracings shows a distinct change in gradient (C 288, IX fig. 7 ) act the beginning of tl iast asis. As regards the relative filling during the early diastolic inflow phase and during auricular systole, actual computations showed that each phase shared about equally in the increase. Thus, actual calculations of curves D and I2 in experiment C 288, figure 7 showed tha)t the auricu- The greater rate of inflow during the early diastolic inflow phase was undoubtedly due to the greater venous pressures, shown in figures 5 and 6 to occur at the moment of opening of the a-v valves.
It was pointed out before that, whenever the heart slowed during an infusion, the diastolic volume increased more rapidly than when the rate remained the same. This additional increase shown in experiment C 289, IV, figure 7, was due to the relatively large inflow which obtained during the diastasis phase, 6-7, under high venous pressures.
We may conclude that the greater diastolic inflow is due a, in rapidly beating hearts, to an increased rate of filling during both the early inflow phase and during the aurioular systole phase; b, in slowly beating A 6 hearts having a diastasis phase of some duration, to an additional increase in rate of filling during diastasis as well.
Having pointed out the mechanisms through which it is possible for the heart to increase its systolic discharge, a discussion of the fundamental cause of such augmented disckrge still remains.
Obviously, the diastolic volume and initial length increase. Patterson, Piper and Starling found this not necessarily associated with an increase in ventricular pressure. Straub, however, noted a definite increase in initial rig@ ventricular pressure. Experiments recently reported by one of ug (3), (13) indicated that the increase in initial tension occurred in both , entricles and that changes in initial volume were never dissociated from changes in ten&on.
A study of the right and left auricular pressures recorded simultaneously with volume curves enables US to judge of coincident changes in initial intraventricular tensions for, at the moment when ventricular systole begins, the pressures in auricles and ventricles are undoubtedly equal. Such curves (figs. 5 and 6) show clearly that, up to a certain point, the pressures at this moment increase in both auricles as the ventricles distend.
It has been previously pointed out that somewhere between 250 and 300 mm. of saline a critical pressure level is reached at which the discharge decreases and the heart decompensates.
Several causes for such decompensation may exist. First, however, an artificial cause of failure must be discounted.
As the heart dilates more and more it may happen that the cardiometer rubber or even the cardiometer itself compresses the heart during diastole and thus retards its filling. Such a condition can readily be recognized by the flat contours of the diastolic filling curves.
Failure of the heart may occur through the supervention of a mitral or tricuspal regurgitation but is generally due to a failure of the right ventricle.
Such decompensating changes are well shown in the last two segments of experiment C 289. At venous pressures of 310 mm., we note that the amplitude of the volume curves has decreased ( fig. 5 ) and, in the graphic records ( fig. 4) , we observe the beginning of pathological dilatation leading rapidly to complete decompensation.
A closer study of the optical volume and pressure curves ( fig. 5) indicates, ho wever that the process of decompensation had begun beforcthat it was inaugurated in fact while the joint volumes ejected by the two ventricles ostensibly continued to increase, e.g., at venous pressure of 285 mm. (fig. 5, D) . We note in this segment that not only had the left auricular pressure been reduced but the systolic and diastolic aortic pressures were lower. This can only be interpreted as indicating a reduction of the left ventricular discharge. The fact, however, that left auricular pressures were reduced while right auricular pressures continued to mount indicates that primarily the right ventricle must have failed to supply the left auricle with avolume corresponding to the increased inflow into the right auricle.
Hence, while the joint volumes ejected by the two ventricles still increased, the right ventricle was unable to remove effectively such volumes as accumulated in the right auricle and its supplying veins. effects of an increase in venous pressure and arterial resistance. Each heart, as these investigators found, has a limit beyond which it no longer responds to increased resistance but dilates further and decompensates. The resistance level at which such decompensation occurred was found to be lower when the venous inflow was great than when it was moderate. Similar results were reported by Skaub (11) when the resist,ance was gradually increased step by step.
In studying the changes in the contour of the volume curves,
Patterson, Piper and Starling found changes in the systolic slope, smilar to those already analyzed as effects of increased venous return. They also noted a more rapid diastolic filling rate due to the increased venous pressures and presented optical curves which indicate a definite prolongation of systole. Straub, in an earlier paper (11)) observed no changes which he ventured to interpret as showing noteworthy deviations in contour. In curves reconstructed from tachygrams subsequently reported (lo), he found that the steepness of the entire ejection curve increased and the amplitude was greater. This he attributed, not to a direct effect of the increased resistance, but to an indirect effect produced by the increased coronary blood flow. Straub says that the diastolic portions of the volume curves were not affected but to us the curves themselves appear steeper indicating with the ventricular pressure curves themselves appear steeper indicating with the tension was greater. Our results. In accord with the results obtained by the aforementioned investigators on a "heart-lung preparation," we also found in the intact animal that any increase in arterial resistance, whether moderate or great, gradual or sudden, always caused, after a few beats, an increase in both systolic and diastolic volumes, tlhe systolic discharge remaining unaltered or slightly increased, provided of clourse that the heart was in good condition ( fig. 8 ). Unless the heart slowed, however, (vagi intact) we never observed such an extreme dilatation as these investigators. Thus, with complete compression of the aorta above the diaphragm we never observed an instance in which the cardiac volume in systole was as great as during diastole before compression. Neither was the venous pressure elevated as much as shown in their results. In the curve illustrated in figure 8 , A, the mean arterial pressure rose from 50 to 100 mm. Hg., right auricular pressure elevated from 92 to 96 mm. saline. In such cases it was possible to study the sole effects of augmented resistanca in the intact circulation under conditions that were apparently better than in the isolated heart. Under such conditions of augmented resistance, the duration of systole invariably shortened ( fig. 9) . This was not a chanee variation, inasmuch as it could be reduplicated many times in each experiment. It occurred with remarkable promptness when compression was sudden, being evident during the first cycle following such compression, ( fig. 9, A) and progressively decreased during the existence of compression, B. Upon decompression, C, the systolic ejection phase lengthened again. The cause of the shortened systole is also indicated in this record, as well as in the transcribed curves of figure 11 , A, C. It is obvious In other words, the ventricles eject the same or even a greater discharge in a shorter interval.
This we believe to be the mechanism by which a good heart responds to increased resistance. When hearts are not capable of responding in this way, the output is reduced, for, when the phase of systolic ejection is reduced and the gradient of systolic ejection is not changed no other event can follow. Indeed it seems that the ability or inability of the ventricles to respond to increased resistance with increased velocity of expulsion determines whether the systolic discharge is augmented, unaltered or decreased. phase of In other words, a lengthening of systole accompanying increased resistance is not a direct reaction of the heart to such changes as these investigators maintain but the reaction to predominating changes in venous pressures which may attend it.
As regards the superimposability of the volume curves, it was found and is illustrated by figures 9, 10 and 11, that the diastolic portion may or may not be superimposable, depending solely on the changes in venous pressure attending these changes. When venous pressure was unaltered, the curves remained superimposable;
if it rose the same changes as discussed in a previous section obtained.
Since systolic ejection occurs more steeply in a vigorous heart, this portion of the curve was not superimposable especially as regards the early phase but nowhere are such marked deviations shown as in the cases where venous pressure increased. When the output was decreased in hypodynamic hearts, the early phase was superimposable but ejection became more gradual during the later portion of ejection. of halted ejection and a final phase of accelerated ejection. Furthermore these phases disappeared during compression and the ejection curve as a whole was smoother. A careful comparison of the volume and pressure curves before compression clearly showed, however, such volume curves were not reliable, for the apparent decrease in that disand the charge late in occurred precisely where th crease corresponded exactly .e aortic with th pressure .e momen mounted t when th e aortic Such discrepancies can only be interpreted pressure began to decline. to mean that the volume curves were inaccurate.
When the heart rate slows coincidently with the elevation of aortic pressure (vagi intact) and, as a result, the venous pressure rises, these influences tend to increase the duration of systole and thus may diminish, neutralize or overbalance the tendency of increased resistance to shorten the contraction process. The curves of figure 11 , B, show such combined effects.
Curve a is normal; c, d, e, represent every 3rd volume record following compression. We observe, in the first beat, a tendency for systole to shorten but as the heart slowed and diastolic volume increased in successive beats, systole lengthened. That even here there is a tendency to abbrevia,te systole is shown by the fact that we do not, observe the systolic lengthening which ordinarily accompanies such slowing.
CONTOURS
OF VOLUME CURVES DURING HEART RATE CHANGES.
Since we found no definite relation between the lengths of consecutive systoles and their preceding diastoles during the course of heart rate changes, we concluded in previous papers (1), (2), (3) that this must indicate that the ventricular volume curves can not be superimposable under such conditions. Among other observations, we pointed out a, that, during moderate cardiac slowing induced by direct vagus stimulation, the phases of systolic ejection progressively increase without relation to the lengths of previous diastole; b, that, during cardiac slowing produced by hypercapnia (partial asphyxiation), the phase of systolic ejection either might not change at all or become shortened; c, that small doses of epinephrin (accelerator stimulation) always cause a definite abbreviation of the ejection phase regardless of whether the heart accelerates (vagi cut) or retards (vagi intactI). These facts were substantiated in this series of experiments in which the nature and causes of the volume changes could be definitely followed.
Types of reaction during the course of direct vagus stimulation.
At least two types of reactions, illustrated by the slow drum records of figure 12, A. and B, were obtained. In the type of reaction illustrated in A the heart distended during diastole, and, while it emptied itself with normal completeness during the first few beats, there was a gradual tendency to empty less and less, thereby progressively diminishing the systolic discharge. In a few cases, this progressed so far that the systolic ejection actually became less than during the more rapid normal beats. This effect was observed while venous pressures ranged from 70 to 150 mm. but in all cases arterial pressures were either relatively low at the start or fell to low levels as a result of vagus Probably this type of reaction supervenes therefore whenever the coronary blood supply is reduced below a level which may be regarded as minimal for efficient cardiac contraction.
When arterial pressures fell less or were prevented from dropping to any marked degree by partial compression of the thoracic aorta previous to stimulation, the type of reaction illustrated in B was obtained.
These curves differ in that systolic discharge continued as complete as before and that, in consequence, curves of larger amplitude consistently occurred during vagus stimulation.
When inscribed on more rapidly moving drums, the curves at different rates show a fair degree of superimposability, when redrawn without regard to the exact end of systole. We believe therefore that this type of reaction, obtained when coronary blood supply remains adequate, would be regarded as a typical and standard reaction by Henderson and his collaborators. In both types of reactions, however, the systolic ejection phase lengthened in successive beats until stabilized conditions were attained. Thus in the case of experiment C 989 illustrated in figure 12 , B, the numbered beats had systolic ejection phases of the following order: (1) 20.5, (2) 0.24, (3) 0.25, (4) 0.25, (5) 0.32, (15) 0.29, (17) 2R+, (36) 24.5. The obvious lack of relation to previous diastole lengths can readily be verified by comparing the paired beats with equal cycle lengths (e.g., 1 and 36, 2 and 17, 5 and 15). This can only mean that the volume curves are not superimposable.
Changes in the systolic portion 0.1 volume curves during vagal slowing.
The immediate and stabilized changes in the volume curves during direct vagus stimulation are shown in original and transcribed optical volume curves of Sgures 13 and 15. We note immediately after the inauguration of stimulation and coincident with the increase in amplitude that the steepness of the systolic ejection gradient increased. In successive beak following, the gradient became less and less steep, however, until its lower segment finally coincided fairly well with normal beats.
The effect of this is that, while the systolic ejection phase is lengthened in the first few vagal beak, it is not prolonged to the extent that it would have been, had the curves continued superimposable.
The transcribed curves of experiment C 287 in figure 15 show especially well that tJhe gradual decrease in velocity of ejection was the direct cause of the progressive lengthening of the systolic ejection phase before noted and that it prevented the curves from being superimposable either on each other or on normal curves.
What causes this progressive decrease in ejection rate and the consequent lengthening of systolic ejection? Since an increased venous pressure due to saline infusion was found to produce a lengthening of systolic ejection, and since, moreover, it, was found that the syst,olic ejection lengthened as long as initial intraventricular pressure continued to increase, the suggestion was recently ma& by one (3) of us that the duration of initial venous pressure.
consecut,ive vagal systoles is controlled by the A careful study of these volume curves has shown, however, that while an increased venous pressure is ihdeed the cause of tlhe initial lengthening of systolic ejection in the first few vagus beats, it is not the cause of the progressive prolongation of subsequent beats. Thus, in experiment, C 287 ( fig. 15 ) the increased steepness and prolongation of the early beats (e.g., 1-Q is undoubtedly due to increased venous pressure. It is obviously not the cause of the successively more gradual gradients indicat$ed by 7 and X for, in these cases, both initial pressures and initial volumes were greater and, moreover, it has never been found that increased venous pressure tends to decrease tJhe rat'e of eject,ion while this phase is lengthened; on the contrary the steepness always increases. In fact, considered from another angle, the increased rate of ejection during the earlier beats tends to make the phase of svstolic ejection shorter than would have been t,he case, had " the curves continued superimposable with the normal.
The explanation of the more gradual ejection which may even lead to smaller and smaller amplitudes when arterial pressures are low must be sought for in other directions. Since a slower ejection rate occurs when arterial resistance is reduced, it might be supposed that this predominates over the increased venous pressure during vagus stimulation.
Such an interpretation might be given to many records in which arterial pressures fall considerably. It could hardly have been a factor in the experiment from which curves C 287, I or C 289 were taken for, in the former, the entire fall of diastolic pressure amounted only to 4.5 mm., while in the optical curves of C 289 it is practically equal; yet marked variations in rate of ejection are obvious. No more than a speculative hypothesis may be advanced to explain such cases. The possibility of course exists that the stimulation of coronary vasomotor fibers in the vagus (14) causes sufficient reduction of ventricular blood supply to affect the rate of contraction. Furthermore, in spite of much evidence to the contrary, the possibility should C D be borne in mind that the vagi may exert some direct effect on the ventricles which develops progressively in its power as in the case of the auricles.
Diastolic contour changes during consecutive vagus beats. During vagus slowing, there is always some increase in venous pressure at the start. Nevertheless, as shown in the majority of curves, the rate of filling during the early diastolic filling phase is usually reduced at once (cf. fig. 15 , C 287, IV and I). This is undoubtedly due to the incidence of auricular systole during this phase at rates which are normal for the dog and its delay to the end of a more or less extended diastasis phase in slowed beats.
When auricular systole does not normally occur during this phase, the rate of inflow is distinctly augmented in the slowed beats as would be expected (cf. fig. 15, C ,292, C with A-B) .
In neither event is this portion of the diastolic filling curve exactly superimposable.
The gradients of the diastasis phases are frequently parallel, the only difference noted in many cases being that, as the venous pressure increases, the gradient begins at corresponding higher filling levels. When changes in venous pressure are more marked, the rate filling during early diastasis may also become steeper (e.g., fig. 15 , C 287, C ,292). When diast,oles are unusually long and venous pressure is quite high, the phase of diastasis may be divided into two periods beginning as in C 987 and C 292 at x and y respectively. During the latter phase only may a condition of approximate stasis be said to exist. On account of these variations in venous pressure, the diastasis curve may not be regarded as strictly superimposable arcs of a standard curve.
The changes during auricular systole are well illust'rated in figures 13 and 15. Thus in curve N of experiment C 287, figure 15, no distinct auricular contribution can be made out owing to the incidence of auricular systole early in diastole.
During the first few vagal beats (e.g., 14) the auricular contribution is very much more marked than normal, and then decreases.
Thus, we roughly estimate that the following percentage contribution is given to the ventricles by the auricle in various vagus beats: lst, 40 per cent; 2nd, 36 per cent; 5th, 30 per cent; 8th, 22 per cent; stabilized 8 per cent. This is in accord with observations described by one of us (15) and again clearly demonstrated in figure 13, viz., that owing to a prolonged diastole the auricular contraction first augments and the auricular wave of the intra-auricular pressure increases. Soon, however, the auricular contraction decreases in amplitude due to a specific effect of the vagus nerves.
Then auricular contributions become progressively less and less until, during stabilized effects, very little contribution takes place. Owing to the varying amplitude of auricular contraction, this portion of the curve cannot be regarded as superimposable.
Summarizing, we may say that, since the ventricles do not necessarily empty to the same extent or at the same rate, since venous pressures usually are elevated, since auricular systole falls during different phases of diastasis and contributes variable amounts to ventricu-lar filling owing to a direct influence of the vagi nerves on their contraction, the various portions of the filling curves are not superimposable during vagus slowing.
It is this failure in superimposability which prevents the initial tension and initial volume of the ventricle from being determined by the duration of previous diastole and is furthermore the reason why, in general, duration of systole and amplitude of ejection are more definitely related to initial pressure and volume and not necessarily to duration of previous diastole.
Volume curves during hypercapnia (partial asphyxia). Since Henderson and his collaborators (5) produced changes in rate chiefly and preferably by varying the CO2 content of the blood and since we have previously found that a frequent effect of such chemical slowing is the production of shorter systoles, the nature of the volume curves under such conditions was studied.
We found a number of cases in which systole was unaltered but only two cases in which a sight prolongation occurred during very slow beats. In the great majority of instances, we noted a decrease in systole during the slowing phases and a still further shortening during recovery ( fig. 16 ). In spite of the tremendous increase in initial venous pressure and initial volume, together with a much increased discharge shown in experiment C 247, the duration of systole was decreased. Quite obviously neither the systolic nor diastolic portions of the curve were superimposable in any sense, but became more rapid during and after asphyxial slowing.
What factor prevents the increased venous pressure from lengthening systole by so greatly increasing the velocity of discharge? Why does the rate of ejection not progressively increase as in the case of vagus stimulation? Again we are forced to probable rather than quite certain explanations. Since asphyxia is accompanied by marked elevation of arterial pressures, the shortening influence of increased resistance was recently suggested by one of us (3) as a probable agency at work. That it explains many volume curves quite satisfactorily and in many cases is a factor concerned must be admitted.
We meet instances, however, as in figure 16, C ,289, I , in which, owing to great retardation, diastolic pressure was actually lower than normal in beat B and still with the great slowing and increased venous pressure systolic ejection was somewhat abbreviated. We are therefore forced to consider the possibility that the accumulation of COz affects the accelerator mechanism or heart itself, either directly or indirectly by augmenting the output of epinephrin. At all events some other factor is brought into play which determines the abbreviation of systole and improves the ejection of the heart so as not to affect the systolic discharge.
The contour of volume curves during action of epinephrin. Our previous observations that epinephrin consistently caused a relative shortening of systolic ejection regardless of whether the heart rate increased or decreased was confirmed in these experiments on smoked drums. Epinephrin caused, especially when no great accelerat#ion was induced, an increased diastolic distention and a larger systolic ejection. When the heart slowed systolic emptyingwas more complete, an effect which persisted for some time (tig. 14). Venous pressures were always increased at least 20 to 30 mm. even when hIeart rate accelerated. Optical curves illustrating the changes in contour are shown in figure 15 , experiment 299, where the changes may be compared not only with cycles normal to the animal C, but with stabilized vagal beats as well, A-B. We note, on comparing the epinephrin beats D-E, that the durat'ion of systolic ejection was decreased by virtue of a pronounced increase in the ejection rate. Obviously, the systolic ejection curve is superimposable neither on normal nor stabilized vagal beats. We have previously presented evidence to show that the great reduction of systolic ejection thus produced, in spite of a contrary tendency of increased venous pressure to lengthen it, is not entirely determined by the augmented arterial resistance. This was again corroborated and is illustrated in experiment C R9R shown in figure  15 . Here the diastolic pressure was not appreciably increased over normal in beat D yet a pronounced alterat'ion of systolic ejection obtained. We are thus again forced to assume a specific effect on the cardiac or accelerator mechanism. Such curves also show that the diastolic filling curves are not superimposable. This is due to several easily recognized causes : Epinephrin increases the venous pressures CARL J. WIGGERS AND LOUIS N. KATZ which, as is especially well brought out in comparing curves C with D and E, causes a more rapid filling during both the early diastolic inflow and diastasis phases. In addition, however, complete filling which determines both initial ventricular volume and initial pressure and through these the amplitude of systolic discharge is materially aided by augmented auricular contractions.
This much greater actual increase is clearly illustrated by comparing the auricular increment in beats A and C with D and E. Here calculations show that the percentile increase is also much increased.
Thus, while auricular systole roughly contributed about 8 per cent to the total filling during stabilized vagus beats, A, and 33 per cent to total filling in the normal beats, C, it increased to 44 per cent during the epinephrin beats D-E. The determining injluence of previous diastolic length during heart rate changes. The demonstration t,hat the duration as well as volume of systolic ejection is dependent to so great a degree on such factors as venous pressure, arterial resistance, and to specific effects of nerves and chemicals on the heart and its vascular supply, does not carry with it the implication that the length of previous diastole is in no way concerned.
In previous communications we have always emphasized not only that this mechanism must always be operative, but have pointed out its importance in the control of both the duration and length of systolic ejection when other conditions were not greatly affected. That under such conditions the beats are practically superimposable has always been admitted and is again beautifully demonstrated by comparing stabilized vagus beats of different lengths, A and B with normal C (fig. 15, C %Q) . Indeed, it was our original belief based on experiments of other researches that this was the chief mechanism controlling the duration and volume of systolic ejection under conditions approximating normal, and that the heart deviated from the principle only in specific cases, e.g., when the accelerator mechanism was involved or the heart was required to work under conditions of greatly changed arterial resistance and venous pressures. The evidence presented in this and previous papers forces us to the conclusion, however, that even under quite normal conditions, changes in heart rate are not often the factor which dominates &her the duration or the volume of systolic discharge.
SUMMARY
1. By the use of a segment recorder which, in a closed system, has a vibration frequency of 20 per second, it is possible to record directly and accurately such portions of the systolic ejection and diastolic filling curves as are required for study. We have found in physical tests that such a volume recorder faithfully records such changes as are produced in the cardiometer without altering normal cardiac action. While a number of incidents (e.g., bulging of valves, filling and emptying of coronaries, changes in volume of pulmonary conus and particularly the shifting of the beating heart into and out, of the cardiometer) tend to distort the recorded volume curve, they may be satisfactorily discountled, inasmuch as they occur exclusively at times of the cardiac cycle when neither ventricular filling nor ejection take place (i.e., during the very beginnings of systole and diastole respectively).
That the rates of ejection and filling are accurate, is further controlled by the fact that each change in ejection and filling rate corresponds precisely to changes in the aortic and auricular pressure curves.
2. As a result of our studies we interpret the following changes in ejection and filling rates:
In general, the rate of ejection is much greater during the phase designat(ed by one of us as maximum ejection, and is suddenly much reduced during the phase of reduced ejection. During the phase of maximum ejection the rate of output is uniform, as Henderson and his collaborators maintain, only when arterial resistance is comparatlively low. When it approaches or exceeds normal, the velocity of ejection . changes in correspondence with opt,ical aortic pressure curves. Usually, ejection is very rapid as the pressure curve ascends steeply, and becomes slightly less as the pressure summit is gradually reached, but there is no constant tvpe of cha,nge that can be regarded as normal, for as manv contour variations are found in the volume as in the pressure " curves.
Diastolic filling under normal conditions of venous pressure we have found to proceed after the fashion described by Henderson and his co&borators.
Early in diastole, a rapid inflow takes place which accounts for 30 t,o 50 per cent of the total filling. After this, the CONTOUR OF VENTRICULAR VOLUME CURVES 473 inflow is retarded and diastasis supervenes. Contrary to Straub and Patterson, Piper and Starling, we have always observed a distinct phase of diastasis when the cycle is of sufficient length.
While the volume contributed by the succeeding auricular systole varies under different conditions, our results indicat,e that on the whole it contributes more than t,he results of Henderson show, the volumes ranging from 18 to 60 per cent of tota, filling under normal conditions.
3. Studies of opt,ical'curves interpreted with the aid of simultaneous pressure curves show the following effects of increasing venous pressures by saline infusions :
Confirming t,he results of Patterson, Piper and Starling and contrary to the interpretation of Henderson and his co-workers, the ventricles respond with increasing strokes to increased venous return up to pressure levels far exceeding those set as " critical" by the latter.
Attending the increase in systolic discharge, we found, in accord with Patterson, Piper and St,arling, an increase in diastolic volume and initial length, but, contrary to them and in accord with previous observations by one of us, such changes were never dissociated from changes in initial intraventricular pressures. Consequently, the statement that the only constant factor determining discharge is a change in initial length can not be regarded as demonstrated.
IYn accord with previous observations of one of us and contrary to results of Patterson, Piper and Starling, the duration of systolic ejection is progressively increased at constant heart rates, indeed, it is in part through such systolic lengthening that a greater discharge becomes possible.
Prolongation of systole is therefore a direct function of -initial volume and initial pressure.
Contrary to the law of superimposability, as stated by Henderson, neither the systolic ejection nor diastolic filling curves are superimposable during increased venous return but, corresponding somewhat to the theoretical curves drawn by Krogh, the rate of filling becomes more rapid in each of the consecutive phases of diastole and the velocity of ejection is also increased..
4. The following reactions of the ventricles' to increased resistance were established :
Contrary to the results of Patterson, Piper and Starling and also those of Straub, and in accord with previous observations of one of us, the primary and constant effect of an increased arterial resistance is to reduce the duration of systole, notI to prolong it. In order to maintain a normal or augmented systolic discharge (which is the case in hearts which are in good condition) it is necessa,ry for the velocity of ejection to increase.
When the heart fails to respond in this way, systolic ejection is reduced.
The abbreviation of systole incident to augmented arterial resistance may be neutralized or overpowered when a considerable increase in venous pressure attends the elevation of arterial resistance (e.g., during coincident slowing or by decreased ventricular vigor in hypodynamic hearts).
When no appreciable changes of venous pressure occur during increased arterial resistance, the diastolic portion of the volume curves is approximately superimposable, but the systolic strokes are never superimposable
In the case of vigorous hearts the systolic gradient is steeper, in hypodynamic hearts the strokes may coincide with but are smaller than normal.
Such beats are not to be regarded as superimposable in the sense of Henderson for the amplitude is not a function of heart rate.
5. A study of the slow beats immediately following vagus stimulation shows that the progressive increase in duration of systolic ejection phases is not associated with a progressive lengthening of previous diastoles.
It is intimately associated with a progressive decrease in tlhe ejection rate, i.e., a decrease in the gradient of the ejection curve. This, in turn, is not caused primarily by the gradually increasing venous and init*ial pressures as was previously suggested by one of us. In some instances it may be explained as an effect of reduced arterial resistance but, in other cases again, it is necessary to assume that some other factor operates (e.g., coronary vasomotlor changes or specific effects on the ventricles).
Since venous pressure increases during the course of vagus stimulation, the rate of filling increases in all phases of diastole, with the exception of the phase of auricular contraction during which there is less and less contribution as stimulation continues. Since the ventricles do not empty to the same extent or with the same velocity, and since the diastolic filling rates alter during vagus stimulation, neither the systlolic nor diastolic portions of the volume curves are superimposable, either on normal curves or on each other. The abbreviation of systolic ejection found during asphyxial vagal slowing or after epinephrin stimula tion, is due to of ejection.
This ma,y be in part dependent on an an increased velocity increased arterial resistance but, specific effect in on many cases, can be accounted for only by assuming a the ventricles.
If venous pressures are increased 
